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(~) ABSTRACT

The existing mode, s for treating radiochemicai fractionation in

nuclear weapon debris are discussed and compared. A method which

extends the existing theory for the case of surface bursts over

'silicate soils is developed and validated with weapons test data.

There is evidence that fission product absorption by soil and

weapon debris is diffusion controlled. There is also evidence that

there are two-superimposed distributions of soil particles. A

computational model is developed here based on this evidence. The

" following is a synopsis of the model: A portion of the soil is fully

vaporized along with the weapon debris while some soil is merely

melted. As the fireball cools, the refractory fission products will

be absorbed by this liquid material. After the fireball has cooled

below the soil solidification temperature, the remaining fission

*: products can be adsorbed onto any available surfaces. Any soil which

"entered the fireball at the soil solidification time or later will

also adsorb fission products. Test data and other evidence indicate

that tho distributions of melted and unmelted soil particles have

different modes. This mtodel uses Henry's Law to find surface

concentrations. It then uses diffusion theory to transport the

*: fission products into the particles'. In addition, it allows for

injection of unmelted material near the time of soil solidification.

The results of the research indicate that in standard DELFIC

calculations too much activity is carried in the larger particles and

- x



too little in the smaller particles. In additiflnthe distribution of

volatile fission prodrct nuclides relative to a refractory reference

nuclide is In general better modeled by the new method. Since many

other falloout modeling codes make use of fits to DELFIC actltty size

distributions, these codes might be modified to reflect these new

findings.
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FALLOUT FRACTTONATION IN SILICATE SOI,.S

I. Introduction

Background

In a surface burst of a nuclear weapon, a large amount of soil is

broken up, while some is melted and some is even vaporized. Part of

this debris is tiken into the fireball and is carried with it as the

fireball rises. Part of this material will come into intimate contact

with the radioactive fission'products. As the fireball cools, the

soil and debris from the device will condense and scavenge the

available fission products. At the time that the soil begins to

solidify, most of the condensed fission prodiocts will be more or lets

uniformly distributed throughout the particles. After that time, the "

soil particles are essentially solid. Those fission products which

were still gasecus at the soil solidification temperature will later

condense onto tthe surfaces of the particles still in the cloud.

The above is a very simple picture of the processes which cause

fractionation taking place inside of the nuclear cloud. Simply

stated, radiochemical fractionation is a distribution of isotopes

which is different from thit which would be expected if all of the

radioactivity were distributed uniformly throughout the fallout

particles. An important feature of this process which has always been

observed but neveo treated Is the presence of a very large number of

irregularly shaped particles which carry radioactivity only on their

, I-I
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surfaces. These particles, because they show no evidence of'having

been melted, must have been introduced into the active region of the

fireball after the gas temperature had dropped to near or below the'

soil solidification temperature (see Figure 1). One of the objectives

of this research was to take this fact into consideration.

The careful treatment of this problem is very important because

of the large difference in downwind extent of isodose contours if the

radioactivity were all surface distributed as opposed to being all

volume distributed. Figure 2 illustrates this point by showing in

cross section the dose rates along the hot line for a one Mt yield (50

percent fission) weapon. In this case, the 450 R contour for the

.purely volume distributed activity extends for about 65 miles past

that for the purely surface distributed case. This illustrates that

when one is trying to determine the expected number of casualties in-a

given attack scenario, the effect of fractionation cannot be ignored.

In terms of placement of the activity, Figure 3 shows the distribution

of radioactivity for these two extremes as a function of particle size

for an assumed lognormal particle size distribution.

Historically, the first attempt to develop a theory for

fractionation was by Miller with his The'moodynamic Equilibrium Model

(Miller, 1960; Miller, 1963; Miller, 1964). The model essentially

consisted of distributing the fission products in the cloud among the

particles according to the equilibrium distribution. The uodel used

1400 degrees C as the 'temperature below which condensing nuclides

could not penetrate the fallout particles. The difficulty with the

1-2
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Soil Solidification
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"model was that adequate thermodynamic data was not available at the

time it was developed. Thus, the model could not be. properly

implemented. The next attempt to treat fractionation came from

Freiling with his Radial-power-distribution Model (Frelling, 1961;

Freiling, 1963; Freiling, 1963 b; Freiling, 1964). This model assumed

that there was a collection of spherical particles and that all mass

chains were distributed according to some power of the particle

radius. With these assumptions, Freiling found that the model

produces logarithmic correlations between radionuclide ratios;

Freiling, in his analysis of Pacific weapons test data, observed that

radionuclide ratios could be correlated logarithmically as well as

they could be linearly. This was taken as evidence that the method

had some validit,,. The correlation parameters formed the basis for a

model to predict fractionation effects. The next attempt to treat the

problem was by Korts and Norman with their diffusion limited approach

(Korts, 1967). In developing this model, a great deal of work was

done to measure the thermodynamic properties of fission product oxides

and the diffusion properties of various soil types. The essence of

the method was a hybrid of the equilibrium treatment of Miller with

diffusion of the condensed fission product oxides into the soil

particles. This model assumed a listribution of spherical, glassy

particles. Attempts were underway in the late 1960's to bring even

greater sophistication to the fractionation problem. The skeleton for

a more complete kinetic model had been laid out by this time, but

because of funding cutbacks and laboratory reorganizations (e.g., the

1-6



closing of the U.S. Naval Radiological Defense Laboratory), research

on particle formation was largely stalled.

Problem Statement

The objective of this research project was to review the

literature on fallout fractionation and, if possible, extend or

improve the theory. As a result of the research, a complete

computation3l model was produced even though that was not one of the

initial goals. In fact, two distinct models were produced: one is

referred to as the G-X wodel (for glass-crystal), while the other (a

hybrid of Miller's model) is referred to hereafter as the S-V model

(for surface-volume). The latter model was incidental to the main

thrust of the research. For this reason it is presented in Appendix A.

Scope

The problem of fractionation includes many aspects which will not

be treated here. N4o attempt will be made to treat fractionation which

occurs because of sampling methods. Nor will fractionation which

occurs because of liaching of grounded particles prior to collection

be treated. The treatment here is of the process termed "primary

fractionation" by Freiling (Freiling, 1961: 1991). The problem is

further limited to surface bursts over silicate soil. This

restriction to silicate soils is made since no effort has ever been

made to accurately identify the particle size distributions for the

different types of particles found In surface bursts over calcium

1-7



based soils. The restriction to surface bursts is made because the

fractionation process is fundamentally different for each type of

burst condition. Surface bursts are of particular interest because

they present the greatest fallout hazards. They are also interesting

because of the complicated mixing of unmelted ma*erial with fission

products, melted soil and weapon debris.

1-8
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.II. Historical Development

Introduction

The early attempts to model fractionation were made difficult by

a general lack of data. The collection of weapons test data which

would be of use to fallout researchers was a low priority. In

addition, early Investigators were not sure what types of data were

needed. Oa;a collection for fallout studies was often an -.

afterthought.' Even when it was carefully planned, equipment was often

unreliable. High radiation In some areas would frequently delay

sample recovery allowing contamination of samples by non-radioactive

debris carried by winds (Freiling, 1965 b).

On top of these difficulties, nuclear, thermodynamic, and

chemical data for the fission products and their oxides were limited

or non-existent. In spite of these problems, several investigators

managed to develop workable models for predicting the effects of

fractionation as well as a theoretical framework for understandiing.

it. Thie most notable,of these were E. C. Freiling, J. H. :ionman, and

C. F. Miller. In the following sections, their models wi., be

surveyed in order to provide a foundation for understanding the G-X

model developed in the next chaptir.

Miller's Thermodynamic Model

Introduction. Miller's theory of fractionation was developed

about the same time as Freiling's treatment (Miller, 1963). Since

lI-i



Miller's model required rather a great deal to be known about the

thermodynamics of the cooling fireball, and since the thermodynamic

data for the fission products viere not available, it was of limited

value as a computational mode1. It did in its original form, however,

treat many of the important phenomena in a qualitative way and pointed

the way for the collection of the data that would be necessary to

implement a more conplete theoretical model at some later date. It

was because of the lack of data for Miller's model that Freiling's

semi-empirical Radial Power Law was adopted as a stop-gap device for

predicting fractionation effects (Freiling, 1965). But even as a

purely theoretical model, Miller's treatment leaves room for

improvement as it neglects some important phenomena.

It s:iould be noted in the-following discussion that Millier treats

the melt of carrier material as a single mass rather than as a

distribution of particles of varying sizes. This poses no particular

problem, although it ignores the effect of particle size on the

condensation mathematics.

Miller divides the condensation process into twn more or less

distinct time perhods. The major feature of the first period is the

existence of vapor-liquid phase equilibria. This period of

condensation ends when the carrier material solidifies, with the

fission products either fixed in a solid solution matrix or compounded

with the carrier material.

The major feature of the second period of condensation is the

existence of vapor-solid phase equilibria in which the remaining

11-2



fission product elements condense at lower temperatures on the

surfaces of solid particles. The second period of condensation never

ends completely except for those particles which leave the volume of

space containing the residual gases. In fact, the process can reverse

for a fission product element that later decays to a more volatile

"* element. For example, elements like iodine and the rare gases could

sublime as fast as they form from non-volatile precursors which

* condensed on the surfaces of fallout particles. This process is

unlikely, however, when the fission products are trapped within a

glassy matrix. The vapor pressures due to the low concentration of

dissolved fission products would be extremely low, and diffusion

through the solid glass would be very slow.

The essential problem in the theory for the process during the

• first period of condensation is to establish the vapor-liquid phase

equilibria of each fission product element at the time that the

carrier material solidifies; that is to determine the fraction of each

element present which has condensed and mi.rated into the carrier melt

at the time of solidification.

When one of the two phases in contact is a gas, simple kinetic

theory can be used to rhow that condensation - vaporization

equilibrium can be established very quickly at temperatures above 2000

degrees Kelvin (Miller, 1960). Thus, those gaseous species of each

fission product element that do not react with the liquid carrier but

"dissolve into it should obey Henry's Law of dilute solutions (see

Figure 4). In fact, the solutions should be sufficientlL' dilute as to

"11-3
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result In no appreciable change in the Gibbs free energy of the liquid

carrier. Thus, the free energy of each element in the solution should

be independent of any other. It is possible, then, to consider the

solubility of each element by treating each as a binary system with

the carrier. Further, there should be no appreciable surface loading

(large excess surface concentrations of fission product

elements/compounds) during the condensation process if the temperature

range over which the liquid carrier exists exceeds 200 or 300 degrees

C. Miller allows, however, that a concentration gradient should exist

"for the larger particles of which some may not be melted in the center

when the air or gas temperature about the particle falls below the

"melting point of the bulk carrier (Miller, 1963: 99-101).

Development of Equations for Miller's Model. When considering

the thermodynamics of a multicomponent system, the various -

thermodynamic functions must Include the amount of each component as a

variable. The chemical potential, ui, is a useful quantity for

treating equilibrium or near equilibrium systems. It represents the

"change-in the Gibbs free energy of a system per mole of added

component I, with temperature, pressure, and the other molar

quantities kept constant. Adamson gives the total derivative of the

chemical potential as (Adamson, 1373: 355):

dvia RT d~lnfi)(1

1-5



where fi is the fugacity of component 1. Fugacity is an effective

"I (pressure fcr the component. It accounts for deviations from ideal

behavior. The defining equation for fugacity for state I a 1 going to

state 1 * 2 is (Andrews, 1970: 204):

(2•l.f nf 2 _.•+Pl> 0 (ln P (2)'r

where G is the Gibbs free energy for state I. When dX1 moles of

element i condense from a gaseous mixture to a liquid solution leaving

.X moles in the gas and Xi moles in the liquid, the change in the

chemical potential in the gas is found as follows: First we expand

"the derivative given In Equation (1) to obtain

ap,;M
.. 1-• ~)T.Xe de dX- '.; ( ).

4 at )PX; ( T d i
"." 1 (3)

or equivalently

*,alnf 1  alnf1  alnf1
dm; RT(- )dP + RT(-T "--)dTpx + RT(-.- ) dx 1

TX1  P,X1  .X ,P

The corresponding change in the chemical potential, m in the

solution is

11-6
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,alnf alnf alnf
dvi RT(- p-)dp RT (-97.)dT RT(7 4--,v) dXi

T,Xi PXt I T,P (5)

where P is the total pressure, T is the temperature X I; is the mole

fraction of eCement I in the gas mixture, YXi is its mole fraction in

the liquid, f1 is its fugacity In' the gas phase, and f1 is its

fuga~tity in the liquid phase. At moderate and low pressures, the

fugacity ofl the element in the gas phase is by definition given by

f _X f *

In which f is the fugacity of the gas at the total pressure of the

mixture and therefore

3X1 /P,T x; (")

The fugacity of the element in the liquid phase, according to Henry's

"Law of dilute solutions, is given by

fi. X k1  (8)

-- 7



(in which ki is the H~enry s Law constant at a given te 
wvrature a .nd

total pressure; hence

Adamson gives the change in the chemical potential with respect

to pressure and temperature as

(1ai)RT

and

Ia)p x

so that Equation (4) becomes

dXj
d~1  7 d dT +RT--(2dg; Xf
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) -and Equation ('5) becomes

dX1
do,1 "Vi -Ti dT + T (3

The two changes in the chemui:al potential for the transfer of

dX1 moles from the gas mixture to the liquid solution are equal in

an equilibrium process. Dividing Equations (12) and (13) by RT while

noting that

(14)

and then equating Equation (1) and Equation (2), after substituting

for the indicated partial differentials, gives

Trw T, v, 17,
I dP dT d InX° V - T

in whichT is the partial molar volume of element I in the gas

"mixture, Qi is its relative partial molar heat content in the gas

mixture, V- is its partial molar volume in the liquid solution,

""i Is its relative partial molar heat content In the liquid

solution, R is the molar gas constant, P is total pressure, .,nd
I

1 -" 11-9
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J T is the temperature in degrees Kelvin. In the case ol' Oiiuxe

solutions (Miller. 1960: 10)

~l~ A H (16)

where ANis the heat of vaparizatiof. of the condensing 
element 1.

Miller points out that ANHv is the heat of reaction for 
the

vaporization of-the gas from solution. If it exists as a different

compound in solution, the heat of formation of this compoun~d is

i ncluded in the value of AN .. For an ideal solution, ANi is just

the heat of vaporization. Since

Vi
)V then W~jr (17)

can be neglected. Thus, Equation (15) becomes

dP W d~nx) -p' dT d(l n Xi) (8

but by Equation,(10) this reduces to

dP dCIO;) AN v dT + dWn %I)
PT (191

Upon Integrationl, this becomes
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1nP+lnX;.! +lnX 14+nk ~ (20)

or

and finally

K)in which i s an integration constant and where the term

k e /R (23)

can be identified from~ Equation (6) and Equation (8) where (f

f i ap th e partial pressure of element 1; and f, P) as the

Henry's Law constant. N~ow substituting from the definitions ofX

6; 0;(4

n ; * air n air

and

U1-11



Ii

nt nt

X i . nsoil nsoti (25)

and using the ideal gas law for nair
,/y

n Pv
hair ( (26)

then Equation (22) becomes

ni/nair 'Int/nsot I-

(27)

i) where nsoil is the number of moles of liquid soil. Finally (from

Equation 27), the number of moles of the ith element, nt, in the

liquid is related to the total number of moles Yi in both phases by

the relation

Y1 RT

n RT s (k i v lnso) 1(28)

In the second period of condensation under the Miller model, the

soil carrier has solidified. Fission product uptake then continues by

surface adsorption. The adsorption condensation can be considered as

one in which the relative amount of each element condensed is related

to its sublimation pressure (Miller, 1960: 109-110). The

/111 / I I-12



computational values from such a process will reflect the relative

volatility of the constituent molecules at all temperatures at which

this kind of condensation can occur. If an excess of solid surface

area is present, the number of moles condensed by the process

(assuming that the process of reversible) at any time after

solidification of the carrier is jiven by

's * r (9

in which ni Is the residual amount of element I condensed on the

surface of the solid particles, n; is the amount of the element in

the gas phase at the start of the second period, and nr is the

* Q) residual amount in the vapor phase. All three quantities depend on

time because the radionuclides continue to decay. In the case of a

perfect gas

r PS v
n (30)

where v is the volume enclosing the n1 moles of the gaseous species

and P1 is the sublimation pressure and is given by

aSs/R -aHs/RT
e (31)
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in which ASs is the entropy of sublimation and AHs is te neat of

sublimation at the temperature, T. If mixing in the fireball volume

is asstmed to be unifoni for the particles and gaseous fission

products, then v is the fireball volume. The material balance for

el e.nent i is

Yin n| ns + nt 32
Y1.n 1  1  (32)

so that, Equation (29), with Equations (27), (28), (30), and (32),

becomes

k iv s

Q71 + K 5 i V I ;- TP (3,3)
Q ~~n 0-i-. I"oIT,

In Equations (28) and (33), the quantities nsoil and v are

estimated from the thermal data and empirical scaling equations.

Killer's work was notable in that it treats the essence of the

problem in a physically meaningful way. The method developed by

Freiling presented in the next section is largely empirical. While

none of the necessary Henry's Law constants were available when Miller

wrote his report, many are now. In those cases where data is still

not available, Raoult's Law, which is an Idealization of Henry's Law,

may be used. In Appendix A, a variation of the Miller method is

developed which has an especially attractive feature: viz., it could

11-14
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be easily modified for use with fast running "smear codes" such as

that developed by Bridgman and Bigelow (Bridgman, 1982).

The next section provides an overview of the Radial Power Law

developed by Freiling. While it is not as elegant theoretically as

Miller's equilibrium treatment, it has the advantage of being less

difficult computati onal ly.

RADIAL POWER LAW

Introduction. Freiling's Radial Power Law is a semi-empirical

fractionation model which is presently used in modified form in the

official Department of Defense fallout modeling computer code,

DELFIC. The discussion here is' restricted to the pure form of the

Radial Power Law rather than the modification used in DELFIC. "

Discussion of the Tompkins implementation of the Radial Power Law in

DELFIC form is presented in the following section. The Radial Power

Law has some limitations, which will be discussed after the model has

been presented.

The model Itself is simple and does to a degree incorporate the

radlochemistry of the cooling radioactive elements. First, the

principal compound (usually but not always an oxide) of each element

which would exist in the hot fireball must be identified. The boiling

point of this compound is then taken as the boiling point of that

element for computational purposes. Next, a melting point is

determined for the soil which will be the carrier of the

11-15



radioactivity. Without the presence of a large mass of this carrier

material, there is essentially no local fallout from a nuclear weapon

(Miller, 1963: 3). A roughi rule of thumb is that particles larger

than 10-20 gm will be deposited locally, or within a few hundred miles

of the detonation point (Glasstone, 1967: 36-37). In the Freiling

model, the user must supply the yield, height of burst, %oil type,

fuel, fission yield, the particle size distribution, and the fission

yields of each radionuclide for each of several fuel types and neutron

energy spectra. In additicn, the model needs all of the decay chain

data necessary to follow the decay of the fission products.

Thermodynamic characteristics of the fireball must, be computedr a

well. These include how much soil , vaporized or melted and carried

aloft, as well as the time at which the fireball reaches the

solidification temperature of the soil. The number of fission product

atoms which are in a refractory form at that point in time is

determined for each mass chain by solving rigorously the Bateman

equations which describe radioactive decay. The fraction of atoms in

each chain which are in a refractory form at this time is used as a

parameter in distributing the nuclides of each chain in the soil

particles.

Discussion. There are two essential points in the following

discussicn: F4rst, Freiling's conclusions from his analysis of

Pacific weapons test data are not well supported by data from ground

bursts over silicate soil. Second, Freiling's theoretica. explanation

11-16
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of his empirical correlations is likewise not well supported by later

data. The data from continental United States tests suggest that

"simple empirical correlations are not sufficient to predict

fractionation behavior in the case of ground bursts over silicate

soils.

Freiling makes the following analysis: In a sample of fallout,

the apparent number of fissions which yielded a given nuclide is

*f a1iY 1  (34)

where a, is the number of atoms of nuclide I in the sample and Yj

is the number of atoms of nuclide i per fission. The ratio rj, is

"defined by

rj fi/f (35)

This ratio is useful for the following reason: Let nuclide j be a

nuclide which is volatile and whose precursors were also volatile.

This nuclide would tend to be surface distributed since both it and

its parents would have lower boiling points than the soil carrier.

Now let nuclide i first be another similarly behaving nuclide. Then

rf, would be approximately equal to 1. Now, if J was a nuclide

which was refractory and had refractory parents, then the

corresponding boiling points would be higher than the soil

solidification temperature. So the tendency would be for this nuc'lide
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to be volume distributed. The ratio ri,j would then have an

"extremum since we are measuring the greatest possible difference in

behavior of two nuclides. Now we take r v to he our)'i, rref' ref

reference rj where vref Is the reference volume distributed,

refractory nuclide and sref is the reference surface distributed;

volatile nuclide. This ratio will be abbreviated rv 5 (an alternate

notation is rrv where the subscript r indicates a refractorily

behaving nuclide and v represents a volatilely behaving nuclide).

"Then form the ratio r1  between fi where I is arbitrary and f

where s represents our reference surface distributed nuclide. Next,

consider plotting the relationship between these ratios for various

actual fallout samples. That is, given a sample of fallout material,

analyze the characteristic end products of each mass chain (90Sr for

. a 90, 99Mo for I - 99, 1 3 7Cs for I a 137, etc.). Then form the

ratios r113 and rv S (we will take s a 89 for 8 9Sr and v . 95

for 9SZr for our reference nuclides). These ratios can best be

correlated logarithmically for the high yield coral and water surface

bursts analyzed by Frilling (Freiling, 1961: 1994, Heft, 1970:

M56-257). Freiling considered two types of relationships between

fracti onati on ratios:

(a) rf, 8 9 . k1 r 9 5, 8 9 + k2  (36)

(b) 1nlr 1 89) - k3 ln(r 95, 8 9 ) + k4  (3 7 .
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where the k's are constants to be determined. Of these two, the

latter had the smaller variance In the data fit (Note: r and

r 9 5 , 8 9 are functions of particle size). Note further the

following: If I Is a refractorily behaving nuclide, then rti,89 will

mimic r 95 , 8 9 so that Equation (37) reduces to,

k3  (ln(rv s)- k4 )/ln(rv~s) (38)

If k4 was zero, then we see that k3 . 1. Similarly, if I is

volatile, then Equation (37) reduces to

Znr5n kk3 In r, k4  (39)

but rss .l so we have

0 -k3 In r ,Vs (40)

or

k3  --k4 /ln(rvs)" ~(41)

and again if k4  0, 'hen k3  0. As it turns out, Freiling found

In his plots that k4 is app.nximetely zero and k3 is approximately

unity when I is a nuclide whise chain is all refractory, and k3 is

approximately zero when I is a nuclide whose chain is all volatile.
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In summary, logarithmic correlations seem to work well for high yield

' coral surface bursts. They do not; however, for low yield silicate

surface bursts. Later investigators found evidence for linear

relationships in the latter case (Heft, 1970: 256, Bridgman, 1983).

To establish a theoretical basis for h's semi-empirical model,

Frelling postulated first that the particle size distribution was

lognormal. He then further postulated that the distribution of a

"given mass chain goes as some power of the radius of the fallout

* particles, where the exponent lies between 2 and 3 (Tompkins, 1968:

11-16). If the chain is all refractory, then its long-lived members

will be refractory and will be distributed as the third moment of the

particle size distribution. But if the chain is all volatile, then

. .' the members observed in analysis will be volatile and will bs-

distributed as the second moment of the final particle size

distribution. When Freiling used this type of analysis, he found that

Sthe data for coral and water high yield surface bursts best fit

Equation (37) with k4 = 0 and k3 equal to the square root of the
4 3

fraction of the decay chain i which exists in refractory form at the

6 time of soil solidification (Freiling, 1961: 1995). This conclusion

violates the intuitive hypothesis that volatile nuclides are surface

distributed and refractory nuclides are volume distributed. If it

were true that a single mass chain contained some nuclides which were

purely volume distributed and some nuclides which were purely surface

-.. distributed, then the superposition of these two distributions would

not be a simple fractional moment between 2 and 3 of the lognormal
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particle size distribution (which was itself a lognormal

I distribution). It rather is the sum of two different lognormal

distributions, which its not lognormal.

To help resolve the apparent conflict between Freiling's theory

I and the data, consider the following points: First, the data used by

Freiling was limited to high-yield surface oursts over coral and

water. There is evidence that for silicate soil surface bursts of

i lower yield the slope should be equal to the fraction of the chain

which exists in refractory form at the time of soil solidification,

rather than the square root of the refractory fraction,VrR, as

Freiling's Pacific Test Site data suggested (Bridgman, 1983: b) (see

"Figures 5 and 6). So Freiling's square-root relationship may only

- apply in an approximate sense to high yield coral or water surface

bursts.

Second, when the soil carrier Is in the liquid phase, the degree

to which the radioactive nuclides collect on and diffuse into the soil

droplets is a function of the vapor pressure of those nuclides. As

noted In the previoussection, Miller asserts that the essence of the

"fractionation problem lies in vapor-liquid phase equilibria

established for each fission product element (or compound) at the time

"Just prior to solidification of the carrier material. That is, one

needs to find what fraction of each fission product could be found in

the liquid phase and determine to what degree it had diffused into the

carrier melt when solidification occurred. Those gaseous species of

each fission product element that do not react with the liquid carrier

K.
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but dissolve into it shouid obey Henry's Law of dilute solutions. A

concentration gradient, however, should exist in many particles,

especially for the larger particles of which some r,• not have been

completely mel ted.

In other words, one should not expect to find all refractory

nuclides distributed eniformly throughout the volune of the soil

particles. Similarly, volatile nuclides will not necessarily be

restricted to the surfaces of the sW! particles. On the other hand,

there exists the possibility for desor,'tion of nuclides which have

condensed on the surfaces of particles, especially aftce they have

left the cloud. Some nuclides will have especially small sticking

coefficients and thus exhibit poor surface adsorption. The lack of

treatment ot these phenomena Is a weakness of the Radial .Po*2r Law

model.

how consider the following analysis. First, define

d a particle diameter

N(d) . particle size distribution

F T total pumber of equilavent fissions in all particles

Y fission yield of i-th mass class

F (d) a distribution of equivalent fissions for particles

of diameter d for mass chain I

(rr) . fractionation ratio Fi(d)/Fr(d) where' r is

index for a refractory behaving chain

"frf fraction of the decay chain I which exists in

refractory form at the time of soil solidification
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While Freiling used a volatile chain for his reference chain, a

refractory chain is the more natural choice since it will be more or

less uniformly distributed throughout the fallout. The following

analysis will therefore use a refractory chain for the reference

nuclide. Now if it's true that the refractory nuclides will be

distributed as the third moment of the particle size distribution and

volatile nuclides will be distributed as the second moment, then for an

arbitrary chain i we can write

FTrlKrf K (1-f 2)d H (d)
F1(d) "a..d) fr• 3 * (1-frld2ld d (42)

0 (

where Kr and K. are normalization constants. For a refractorily

behaving chain we get

Fd FT N(d)d 3

f N(d)ddd (43)

Now the fractionation ratio is

F9!.d) (frd3 + (1.fr)d2)

S , (d ( )d d(ri,rll)( - Nd) (frd3 +l-frld44

FT 14d~d3 (44)
F N(d)d 3
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or

(rrid) (fr ' (1-f1, d1)'td d di(r rr rd

(45)

And the mass distribution is given by

f3(d)N(d) d

...... ...... ...... (4 6 )

Multiply Equa-ton (46) by fr + (1-fr)/d) and integrate over all size

groups to get

+( r + (1-fr)d) di d(
'r r

U ~ t(d) Vd3 c d

Comparing this result with Equation (45) we find

(r ,)(d) , I(1-f

c (fr + (1-fr)/;)d d r r " (48)
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) )Now notice in Equation, (48) the expression

jfM(d) f fr + (1-fr)/d d
0 (49)

is a normalization constant for mass chain 1. For a chain which

consists only of volatile species, Equation (48) becomes then

(rv,r)(d) Cv (50)

since fr 0 in this case. While for a general chain

( 7 (rir)(d) C'ffr (1- (51)

Solving Equation (50) for d and substituting into Equation (51) yields

(rir)(d) C Cifr ('d) (52)

This is a simple linear relation between (rir)(d) and (r )(d).

Now Freiling suggests that instead of separating the surface and

volume fractions, that a given mass chain will have its activity

distributed as a simple power of the diameter of the particles. 'The

equations equivalent to Equation (50) and Equation (51) under

Freiling's assumption (the Radial Power Law) are
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(r (d 1v, r)(d) Cv (53)

and
':: ~ ~(r (rld) -Ct d p' "

r (54)

Eliminating d between these last two, and taking the logarithm of both

sides of the result, gives

ln(r1  )(d) . (1- VT'r) ln(r )(d)
i r v,r

SCv In C (55)

This is a logarithmic relation with slope (1 - VT. Frellny has

observed this logarithmic relationship in fallout sample data, and

indeed the 1 - VF* expression in the slope above is a best fit ofr
the observed correlation slopes to the fraction of the chain existing

in refractory form at the time of soil solidification (Freiling, 1961:

11-16).

Note that if Equation (52) is plotted on log-log paper the limits

(fr . 0, fr " 1) agree with observations in the data, but for

intermediate chains (0 <fr < 1), Equation (52) predicts a distinct

curvature to the data (see Figure 7). This doesn't seem to agree very

well with the data cited by Freiling. On the other hand, the

expression in Equation (55) agrees very well with the Pacific weapons

11-28
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-' test data. Russell and Heft (Heft, 1970: 2ff-257, Bridgman, 1993 c)

have shown, however, that in the case of sillcate soil surfaco: ,ursts,

that we do see curvature in the plots of Equation (52).

It is clear, then, that there are limitations to the Frelling

model. Freiling himself offered several caveats on the method

(Freiling, 1961: 19M8, Radionuclides, 1970: 336). The correlations

that Fre iling has observed should depend on weapon yield, and the type

of carrier which constitutes most of the particles. Yet his

correlations involved only high yield data for coral and water surface

bursts. Since Frelling made his correlations irrespective of yield or

carrier r,•aterial, the Radial Power Law disregards these effects. His

approach is primarily a graphical device which is useful for drawing

general trends in behavior. A single set of correlations cannot be\)

expected to cover all burst conditions. Care should be exercised in

applying the Radial Power Law to low yield events or to events over

silicate soils.

In the next section, the Tompkins modification to the Radial

Power Law will be discussed. It was developed to bring the results of

the Radial Power Law into better agreement with specific activity

observations.

MODIFIED RADIAL POWER LAW

Introduction. When the Radial Power Law was considered by

Defense Atomic Support Agency (DASA) for the DELFIC code, Tompkins
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made the observation that there is a tendency for specific activity

data to level out as particle size increases regardless of the

volatility of the species being investigated. The transition point in

the curves appeared to Tompkins to be about 100 to 200 microns for

surface bursts (Tompkins, 1968: 15). In order to account for this,

Tompkins required all fission products, regardless of volatility

considerations, to be volume distributed above 100 microns. The model

neglects to account for the fact that the specific activity begins to

fall off again for very large particle sizes (Tompkins, 1970: 3821.

The resulting activity size distribution will be biased with the very

"large particles carrying too much activity while the smaller particles

"will carry too little.

Model Description. In Freiling 's Radial Power Law model, the

particle size distribution was assumed to be log-normal. Tompkins

modification generalized the particle size distribution to allow for

arbitrary distributions to be entered in tabular form. Let

'k geometric mean diameter of kth particle-size

class,

."bi fri, where fri is the refractory fraction

for mass chain i,

Nk number of particles in class k,

FT = total number of fissions in all size classes,

"N a number of atoms in mass chain I in size class k,

Y= fission yield of ith mass, chain,
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~0
* and

r index for a refractory chain.

The number of atoms of mass chain I in size class k is

""itdK) " FT Y1 f 1(dk) (56)

where

b +2 n b +2
fi(dk) Nkd n d

k.1 (57)

* )

For a refractory chain, (bt• 1), Equation (56) becomes

Nr(dk) FTYfM(dk) (58)

where-

fM(dk) , Nkd /1 Nkd (59)

II
is the mass fraction in the kth size class. The fractionation ratio

is then
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S(ri,r)k "Yrfl (dk) (60)

or

ii .kNkd
1kl(ri,r,)k n qr ku Di + 1 2 (61)

Yr k dk

Then noting that

:: I l,/'i d (fM(dk)dk ) (62
kal /kk

and defining

E = 1/ (f(dkk (63)

k=l

Equation (61) becomes

Yi bi-1
(r1 r u dk (E)

(64)
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It then follows fromEquations (56), (60), and (64) that

.: (d fM(d

(65)

Now Tompkins"modification assumes a two-component systei.. One part

obeys the Radial Power Law, but the other part has a constant specific

* activity. Let

R1  fraction of atoms in iý-a mass chain that obeys

the Radial Power Law, and

S1 i fractior of atoms in ith mass chain that exhibits

S".a constant specific activity

Equation (65) then can be written

N (dY),,TYI(R Edk b-. + S) f(dk)
k TM (66)

The crossover point between the Radial Power Law and .the constant

distribution yields

Kt t~cross -

1-
Ri~icros S1 (67)

"11-34

t'"



j• bUt since

.'-' (68)
Ri Si .1

Sor

SR1 • c EIUcross) (69)

then

Ru 1
(70)

,.-

and

EDb-1
Ei cross

I + E oD (71)
Icross

Then finally we have

FTYIEi d b- 1  bi1  d

VN1* "IDlCl'" k (72)
1 + EDcs
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The model described above Is termed the F-T model for purposes of

comparison with the G-X model to be developed in the next chapter.

The F-T model is considered to be the state of the art in fallout

modeling by present researchers in this area. It was for this reason

that it was selected for comparison with the G-X model. The next

section will describe the most recent effort to model fractionation

before the present research.

Diffusion Model

SIn 1966, Korts and Norman at General atomic reconsidered Miller's

fractionation model to include the glassy nature of fallout particles

"from a general land surface detonation. The occurrence of glass

* * formation suggested the use of temperature variable condensed state

.' diffusion coefficients in place of the temperature switched

equilibrium model proposed by Miller.

* When describing fission product sorption according to a

"diffusivity-condensation model, fallout formation is assumed to be

governed by equilibri4 established at the gas-surface interfaces, the

rate of cooling of the cloud, and the rate of diffusion of adsorbed

fission products into the central portions of the fallout particles

(Norman, 1966: 12-54).

The assumption that soil solidification takes place at a fixed

temperature, as is done in the Miller model, is inadequate for

silicate soil fallout both above and below any rea:onable "freezing

temperature" (Norman, 1966). First, "molten" silicates in the region
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Just above their *freezing temperatures" are generally v'scous liquids

which have low mobilities (diffusivities) of their component species.

Therefore, above the "freezing temperature," liquid silicate fallout

particles won't be uniformly loaded with fission products but will

show a considerable radial concentration gradient. Additionally,

molten silicates tend to fom glasses on cooling. A glass is just a

supercooled liquid whose viscosity has become so high that the

J tendency toward crystallization has become essentially negligible.

Norman and Winchell suggest that diffusivity in a glass can, as a

first order approximation, be treated as an extension of diffusivity

in the corresponding molten silicate (Norman, 1966). The system

"behaves, then, as if no phase transition has occurred. Thus not only

is the assumption of homogeneity' above a "freezing temperature"

|j inadequate, but the assumption of strictly surface adsorption .

occurring after the "'freeztng temperature" has been reached is also

questionable. In fact, the very smallest "allout particles will

probably'absorb fission product oxides essentially homogeneously at

temperatures lower than the "freezing temperature" (Norman, 1966).

* Using temperature-dependent diffusivities instead of the "freezing

temperature" model is a logical extension of the Miller model.

Sorption of fission products occurs in this model by allowing a

homogeneous gas phase to equilibrate with the surfaces of all fallout

"- •particles. The adsorbed fission products are then allowed to diffuse

into the fallout particles. All of this occurs in the time-

temperature field associated with a nuclear detonation (Norman, 1966).
1
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Concentration-independent diffusion in spherical particles as

presented by Carslaw and Jaeger (Carslaw, 1959) is assumed to govern

the diffusion of the condensed fission products into the carrier

material. The diffusion coefficient, D, is related to the average

-concentration, Z, and the surface concentration, C., through the

following equation:

0CZ- 6 1 e(2 n2 Dt/R 2)-

0 T n=l (73)

there R is the radius of the sphe-Ical particle and t is the diffusion

time. Both the Henry's Law constant and the diffusion coefficient are

assumed to follow Arrhenius and Clausius-Clapeyron temperature

dependencies, respectively (Norman, 1966: 15).

The cooling rate as a function of yield is given by the following

cooling rate scaling equation given by Freiling (Freiling, 1965):

z 3 x 1011 w 0 .3 4

(74)

where -dT/dt is the cooling rate (degrees Kelvin/sec) and W is the

energy, yield (Kt).

The mathematical model involves time-temperature stepping,

Henry's Law constants, diffusion coefficientg, a detonation model, and
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a mass balance equation relating the total amount of a nuclide in the

cloud to the amounts of this nuclide in the gas phase and in the

particles of various sizes through an analytically determinable

surface concentration of the nuclide. By stepping the temperature and

allowing the nuclides to decay, a similar but more complicated

detemination of an increment to the surface concentration can be

made. This process is then repeated until the diffusion process

essentially ceases. This process can be carried out through each

nuclide chain in order to account for transmutation effects. In this

way, it is possible to make calculations describing the chemistry of

fallout formation according to a condensation-diffusion mode (Noman,

1966: 21).

Norman achieved some promising results with this model (Noman,

1968). According to Woman, the method was going to be tested for use

In the official DoD fallout code, DELFIC, but apparently this was

never done (Norman, 1983). It was because of the very encouraging

results that Norman reported that a condensation-diffusion approach

was chosen as a basis for the G-X model developed in the next chapter.

1 -
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x -, III. The G-X Diffusion Model

Introduction

There is a considerable amount of data to suggest that the

following description of the fallout formation process applies to a

surface birst: Soil particles are entrained by the rising fireball

and a small percentage of the total is completely vaporized. As

condensation begins, very small particles with fission products fused

within them are created. Many of these coalesce with other larger

melted and unmelted particles along with the vapors of the more

volatile fission products. Those soil particles which are not

vaporized generally remain in the fireball for a shorter period of

time. In addition, they constitute the larger fallout particles. The

unmelted particles enter the fireball at later times and leave the

cloud at earlier times. Thus they receive only a limited amoL'nt of

heating and consequently the fission products they contain are fused

into the outer layer or attached to the surfaces only (Miller, 1967:

3, Heft, 1970: 255-256, Tompkins, 1970: 388, Norment, 1966: 23-28).

There are several sources of information to validate this picture

of the early fireball: First is the separation of the fallout samples

into two distinct types of particles: glassy and crystalline (hence

the name G-X model). The glassy particles are those which were

exposed to high temperatures and either fully melted or vaporized.

The crystalline particles are those which never vaporized or melted or

at most only slightly melted. Second, the two types of particles

,; III- 1
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exhibit very distinct behavior with respect to specific activity. The

glassy particles which were exposed to higher temperatures and present

in t'e cloud earlier both absorb refractory fission products and

adsorb volatile fission products. The crystalline particles were not

present in the active region of the cloud at early time and so absorb

the more refractory fission products to a much smaller extent. This

effect is offset some by the tendency of the smaller par.Jcles to

agglomerate, but this will be neglected. This model of behavior is

supported by specific activity data. Glassy particles in general show

much higher specific activity than crystalline particles of the same

size (Pascual, 1967: 8, Mackin, 1958: 17, Crocker, 1965: 5).

In addition to this evidence for two separate types of

fractionation behavior, there is evidence that the simple temperature

switch used by Freiling and Miller is not, correct. This was the -

premise for the diffusion studies by Norman in his treatment of

fractionation (Norman, 1966-1971). Since the spherical particles are

glasses which by definition are supercooled liquids, they exhibit no

well-defined melting point. Ir, defense of his diffusion hypothesis,

Norman took thin sections of glassy fallout particles and obtained

concentration profiles in agreement with his model (Norman, 1967:

219). Figures 8, 9, and 10 from a report by Miller show additional

radiographic evidence, for diffusion of radioactivity into fallout

particles (Miller, 1964: 22-31). Additional evidence for the

diffusion approach from specific activity measurements on ground

bursts is given by Nathans (Nathans, 1970).
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Crystalline Fallout Particle (Mi!ler, 1963)
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One important question in developing the diffusion model is

whether gas-phase diffusion of fission products to the surfaces of

particles, surface attachment coefficients, or diffusion within the

* particles is the rate controlling mechanism. In a working group at

*the April 1966 Fallout Phenomena Symposium (Proceedings, 1966: 456),

Freiling reported that work done by U.S. Naval Radiological Defense

Laboratory (NRDL) on calcium ferrite, :40-Al2O-i 2  cly0n

sodium oxide-silica indicated that condensed state diffusion was the

rate determining mechanism for all but the calcium ferrite samples

where gas-phase diffusion was found to be rate determining.

Method Overview

For the G-X model, the particles are assumed to be

non-agglomerating, non-convecti ng, spherical silicate glassy particles-

of various sizes which are distributed uniformly throughout a cloud

* which is at a uniform temperature and has a uniform concentration of

fission products and air. Calculations proceed on one decay chain at

a time-.beginning at the highest temperature at which diffusion is

considered to be rate determining. At this point the isotopes are

assumed to surface condense according to Henry's Law and then to

diffuse into the fallout particles. Then, the isotopes are allowed to

decay, and the time and temperature are incremented. The process is

repeated until the temperature is close to the solidification

temperature for the glass. At this point, the distribution of glassy

particles-is augmented with the distribution of crystalline
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particles. The process is continued until the diffusion process has

essentially terminated. The techniques applied in the particle

activity module here were influenced by the work of Korts and Norman.

The program is on file at the Air Force Institute of Technology and is

fully commented. It is designed ti be run .ith 450,000 60-bit words

of memory in three overlays on a CDC Cyber 750.

Method

An overview of the method has been presented. This section

presents a derivation of the important equations used in the G-X model.

Foran assumed ideal solution, the vapor pressure of fission

product i in the gas around a liquid soil particle is given by

Raoult's Law as

.. Pi. X i p; (75)

where

X, . the mole fraction of f

P1  . vapor pressure if Xi w 1, that is the

vapor pressire which would be found above pure

fission product i at the given conditions.

In real solutions, there are often departures from this ideal

behavior. Henry's Law of dilute solutions replaces the vapor

111-7



"pressure of the substance in pure form, P1 (the proportionality

constant), with a different constant. This is called the Henry's Law

constant. The Henry's Law constant is the slope of a line tangent to

the observed behavior of the partial pressure of fission product I as

a function of Xi at very low concentrations of substance I (see

Figure 4).

P1  X kI (76),

Substituting for P1 from the ideal gas law we have

n1 -RT XI kI (77)

where

R = gas constant

T = absolute temperature

YV= volume

or

m; n; Mi Xi k1  (78)

where
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*mass of fission product i in the gas phase

£i molecular weight of i

Now the mole fraction of fission product u s

Xi 0 11lms+Mim (79)

where

* *soll the soil mass

*i the mass of i in solution

Ms the molecular weight of the soil

Because of the very low concentration of fission product i in the -

soil, the mole fraction is given approximately by

xi s ii 4A
(80)

where C1 is the concentration of i in the particles.

As a matter of convenience, the Henry's Law constants were

measured in concentration 'units rather than in molar units. That is

-kk
(81)
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Thus the amount of fission product I In the gas phase at equilibrium is
I

-RT (82)

In the actual situation, diffusion of fission product atoms to the

surfaces of the particles is generally much fatter than diffusion into

the bulk phase of the particles. In this case, the rates of uptake of

fission products are controlled by the diffusion rates in the bulk

phase. For this reason, diffusion through the gas is taken to be

infinitely fast. In addition, because the cloud is cooling Ind

because the fission products are decaying, equilibrium cannot be

established completely. Instead, the gaseous fission products are

assumed to be in equilibrium with an infinitesimally thin surface

layer on the particles. The amount of fission product I in the gas

and liquid phases is determined by a mass balance as follows: At the

L" highest temperature at which fissirn product sorption by bulk

diffusion is determined to be rate determining, the surface

concentration of fission product I is found from

YI Cf kl V Mi

• = C T11 " V m l (83)

where
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*1 I

Cil u surface layer concentration of i in the soil

at the 1st time and temperature

kt . Henry's Law constant i at 1st time and

temperature

V1i. volume of active region at the first time

T * 1 temperature at the 1st time

Mil s. ass of fp which has diffused into the soil

particles

Y yield of fission product I at the 1st time

Th. first tern on the right of Equation (83) is the amount of fission

product I in the gas phase. The second term on the right must be

computed by solving the diffusion equation for each particle size

class considered, weighttng the result by the mass of soil in the size

class and summing over all size classes:

%p• -P (S)

m w
s=1 (84)

.I ,

where f is the average concentration in the particles during time

period one. The diffusion equation for spheres with only radial

* diffusion is

ac = (a Ci + 2 i)

ar (85)

HII
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On I etti ng

u- C1r, (86)

Equation (86) becomes

auu

't- 
(87)

with boundary conditions

U-O, r.O0 t 0

u , t O, r < a

Crank gives the solution in this case as (Crank, 1975)

I~ ( k22 2
..rt - a _I exp (-Dik v t/ak

(88)
:: t

kgsin(-j)f exp(Dik wXda
2)(~

Which is a Volterra integral equation of the second kind. Since lit)

is not known in advance, an iterative technique would be required to

solve this equation. For this reason, the solution of the diffusion

equation Is determined by a superposition technique. For the first
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time period, the surface concentratiorn is held constant, and the

amount of fission product i which has diffused into a particle of size

s during the time .period is determined by solving

au D •2u

lar (89)

u.O, r O, t>O

u a C,,, r a, t > 0

u 0., t 0, 0 <r <a

The solution to this equation is

r-2a C -a (_l)kstnlkwr)exp('Dlk rw tA.

(90)

or

C(r,t) il Ail

and the average concentration is given by

k6 1 exp(-Dk 212t/a 21
.:k-l (91)
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Later time periods are treated independently, and the results are

superimposed to give the final result. Returning to the first time

period, we have the following mass balance:

YI RT1 il C Ms
yi .- n'-------- , 11  i~s Es(92)

where ms is the mass of soil in particle size class s and p is the

number of particle size classes. The surface concentration is assumed

to be independent of particle size and type. At this point, time and

temperature are incremented. To find the sfhrfce concentration at the

second temperature, the mass balance is given by

C 2 V2  I+ C12 V - C12 exp(at 1 ats) P

S(i-l11,1,1;1,2,2 s (93)

s-1

{ C12 lexp(-x~at )'C1-)1'exp('x( l-,)at,)]} asj2W

The first term on the right side is the amount of fission product i

which is still in the gas phase at t 2 . The second term is the

amount of i which had condensed at t1 after being allowed to decay

"for at 1 and to diffuse during periods at, and At2 (the diffusion
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coefficients will differ for the two periods). The third term is the

amount of the immediate precursor of isotope I which decayed into I

and was diffusing as isotope i-i during time interval at, and as

isotope I during at. 2  The fourth term is the amount of isotope I

which has diffused during the second period as a result of the surface

concentration perturbation caused by the time-temperature-volume

perturbation.

Since the equations at succeeding times become rather involved,

further analysis will be restricted to the instance of a mass chain

containing only a single isotope. Further, the discu A:ion will be

limited to the case of a single particle size class with wi . 1.

These restrictions will make the general case more tractable. In this

'case, Equation (92) becomes

Y " C G1 + C1a11  (94)

and Equation (93) becomes

Y " C2G2 + C1A12* (C2 -C1 )a 22  (95)

or

Y C2G 2  2 + C(a 1 2-a 2 2) (96)

where
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At the third time period, the mass balance is

y a C3 G3,+C 13 +(C2 -C1)A 23 + fC3-(C2-Cl1)-C1 A33  (97)

or

y = C3G3 +C1 613 +(C2 .C1)A 23 + (C3-C2 )A33  (98)

At the fourth time, the expression becomes

Y , C4G4+C1a14 +(C2 -C1 )A24 + (C3 -C2)A34

+ C4-C3.1P44(9)

At the Nth step, the expression is

N

Y C1 GN + ClAIN + I (Ck'Ck.l)bkN (100)

k=2

or

N-1
Y CN(GN+aNN) + • Ck(AkNk+lN)

k= 1 (101')
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,'7 In order to show the effect of adding crystal particles at late

time, the situation must be made slightly more complex. Before the

crystalline particles 4re Introduced, the expression for the N~th time

step is

Y CN(GN+. a(s) " + N-1 C1A (S) ( s i

" a s AkN -k+l,N)Ws (102)

sglass k .1 i s glass

The mass balance at the time step in which crystal particles are

Introduced Is

+C (S)•I) sYCXGxCx ((s )xx) ( )W
""x ksIkx k+l,xx

s9lass ka1 glass (103)-

+ CX • X(S)w
x Axx WS

Sxtal

-~ ~ (S) X-1 4s: -(Si,)w (04
x + x x 1 kkx "k+1l'x Ws '(104)

als kal gl91ass

For later time steps (after crystal particle entry), the expression

becomes

I



7UIGM4M CMX MM WS
all s

M-1 (Ais) A (S) )
+ ckI (Mk k+1,M)Ws

kal (Sglass

M-1 S) (S) (105)

+ j' . k .",Ak+,M)w1

kUx Sxtal

or upon rearrangement

Y- CYGMI CM" 4,•) ws

all 's

+n1 (s) S)

k (A. AkM

Si glass (106)

+ 5. kj ('k(X kM -Ak+1,M)ws

kx all s

Each tern in the last two sums in Equation (106) contains a surface

concentration expression times the difference of two diffusion terms.

Each of these must be modified by a decay term. In order te

illustrate how decay is handled, take the case of an isotope with

three precursors at the jth time step. Figure 11 shows the ways in

which growth and decay can occur in the instance of mass chain 89. In

the case of 8 9Kr, there are three possible paths for it to

contribute to production of 8gRb after three time increments. The

decay coefficients for these three paths are
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time
Increm ent Att, d tj ",t4

timestme I 2 3 4 5-step

89

Rb OF.-' -- *

8 9 Kr ----

898r 0-

Figure 11. Decay Paths in riass Chain 89 for

the Diffusion Model
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t-exp( -XKrAtI)1 exp(-xRb(At22At 3 )) (107)

"fexp'-xKratl)l l-exp(-xrat2 )I exp(-xRbAt 3 )1 (108)

Kr 1 (109)b"'

S~exp[- xKr(atl+A&t2 ) ] 1-exp( -xKrat3) } (109)

Recall that each decay expression is associated with the difference of

two diffusion terms (see Equation (102)). The first diffusion term
0represents diffusion from tk to the current step. The second term

represents diffusion from tk to the current time step. It is
pk1t

seen, then, that the first diffusion term corresponding to the lecaA'

expression in equation (107),is for diffusion as Kr during time step I

and as Rb from t 2 to t 4. The second diffusion term is for

diffusion as Rb from t 2 to t 4 . Similarly, the first diffusion

term associated with Equation (108) is for diffusion as Kr from t

* to t 2 and as Rb from t 3 to t 4 . The second term is then for

Sdiffusion as Kr during At2 and as Rb from t 3 to t 4 . And,

finally, the first diffusion term associated with Equation (109) is

for diffusion as Kr from tI to t 3 and as Rb during At4 , while tho

second, is for diffusion as Kr from t 2 to t 3 and as Rb during

At4. Each of these diffusion terms is just the solution of the

"diffision equation using' the appropriate argument. For example, the

first d-iffusion term associated with Equation (107) was for diffusion

0



as Kr during time step I and as Rb from t 2 to t4" The appropriate

argument for the diffusion equation would be

at a DKr, latl÷DRb,2At2+DRb,3At3+DRb,4at4 (110)

Equation (91) gives the relationships between the average

concentration and the surface concentration. The derivation of the

general case for the Nth time step is analogous to the derivative for

Equation (102). For times prior to the introduction of crystal soil

particles, the average concentration is

M1N (S) (S)
I• "C NN1 +, " k+1,N~w

Sglass k-1 ISglass, (111)

Expressions analogous to Equations (103) and (104) can also be

similarly derived.

Particle Size Distribution

The lognormal distribution given by

1lxa2 .(112)

Fm(d) kf - exp(-i4- ) dx

where
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FS . cumulative mass fractior

K a a normalization constant

a a In (median diameter)

a , logarithmic standard deviation of the distribution

d * particle diameter

has been traditionally employed in fallout calculations. The

experimental basis for such a choice is found in the analysis of cloud

and fallout samples obtained several hours after burst (Heft, 1970,'

Norment, 1966: 28-29). Based on an analysis of data from the Small

Boy event in 1962, a lognormal distribution of particle size with

median diameter of .407 microns and a standard deviation of In (4.0)

was selected as the default distribution for the DELFIC code

(McDonald, 1974: 60, Malonel, 1974). In this distribution, 50 percent

of the mass is associated with particles smaller than 130 microns in

diameter. Later studies of the soil and debris ejected from the

craters of various tests where particle sizes ranged from millimeters

to meters indicated a'power law behavior (Layson, undated):

M(d) k' d-p (113)

Swhere p is approximately 0.5 for various soils and rock. fn 1966,

russell suggested a truncated power law based on evidence that a true

power law was unrealistic (Brldgman, 1983 d). A year later, Freil.ing

published a study which concluded that the differences between the
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lognormal distribution and the truncated power law were

Insignificant. He further concluded *that the lognormal distribution

had the esthetic advantage of an observationally confirmed theoretical

basism (Freiling, 1966). It seems, however, that requiring the active

Sparticles which obtained their activity from the fireball (as opposed

to activation products) to fit the distribution of very large

particles ejected from the crater is erroneous. At any rate, one can

attempt to bridge the gap between these two positions in spite of

Freiling's findings by using a hybrid distribution as suggested by

McGahan (McGahan, 1974: 61). McGahan has done calculations with

lognormal, pure (not truncated) power law, and a hybrid distribution

and discovered some differences in predicted dose rates. But if one

substitutes the more reasonable truncated power law distribution,

there is little difference. As a result, for the purpose of this

study, the preferred particle size distribution is the lognormal.

This is especially so in view of the fact that this research Is

compared primarily with shots Small Boy and Johnny Boy ,-,hich were of

"similar yield and shot conditions and since a lognormal was deemed to

best fit the Small Boy data.

Partition of Soil

The next important question to consider is that of the partition

of the soil burden of the cloud into the various phases at early

time. This is a question which would best be answered by a combined

theoretical and computational effort that would start from first
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principles and follow the numerous complex processes from shot time to

early cloud development. Because of the enormous complexities

"involved, however, no such calculation has been attempted, and it

"remains an important area for further research. On the other hand,I
bounds can be placed on the problem. The total soil burden of the

cloud can be estimated from a number of sources: (1) energy

R partition, (2) hydrodynamics calculations, (3) cloud bouyancy, (4)

back extrapolation, (5) specific activity, (6) crater volume, and (7)

fireball volume. Norment and others studied and evaluated all of

- these and chose methods 4-7. The scaling functions they developedS
were calibrated with data from the Teapot Ess shot which was a 1 kt

underground burst '-67 feet) at the Nevada Test Site in 1955

(Hawthoine, 1979: 201).

The specific partition of the soil into vaporized, melted, and

unmelted material is more difficult. First of all, the cloud is

anLthing but uniform at early time. It is extremely hot in tte region

ef the toroidal ring about which dust and debris are being

circulated. The temperature falls off rapidly with increasing

distance from the center of this region. It is reasonable to expect

that the fission products and device debris would be found in the

r hottest regions of the toroid. Similarly, one would expect to find

* any soil which had been initially vaporized located here. As the

fireball rises, it expands and thus heats and contaminates additional

soil. After an initial pseudohydrostatic cloud rise phase (the second

temperature maximum occurs in this phase) the fireball begins to rise
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rapidly. A strong updraft is produced in the wake of the cloud, and

soil dust suspended in the air is sucked upward in the stem toward the

cloud cap (Figure 1).

I The next thing to cons'der is the soil itself. For continental

United States soils, the characteristic soil types are the common

sandy and clay soils. In the case of sand, the chemical composition

is nearly 100 percent silicon dioxide (S10 2 ). For tOe more abundant

clay soils, the major component is still silicon dioxide, but there-is

a mixture of Al203, CaO, Na2C, Fe 20 3 , FeO, MgO, K20, and

Sb20 3 as well. In studies of thermodynamic properties and

• diffusivitier of soils, Morman and others concentrated on a mixture of

62 percent S1O2 , 15 percent Al203 and 23 percent CaO, although

other mixes were studied too Otlorman, 1970, tlorman, 1966, ?Iorman,

19C7, Winchell, 19M7). Since it was determined that this mix wias

appropriate for Small Boy calculations (Norman', 1968: 1), this is the

p soil mix which was selected for this study. The major constituents of

* this soil are silicon dioxide and calcium oxide. The

Cao-Al 203-SiO 2 soil "solidifies" at about 1620 K. To estimate

*I the amount of soil material which is in the vapor phase, the following

observations are made: (1) High temperatures are localized to the

inside of the vortex toroid. (2) This region contains most of the

* fission products. (3) In surface bursts, much of the fallout is

composed of unvaporized soil onto which active material condenses.

Fror.n these it follows that the amount of soil vapor in the cloud w.ill

* be less than the mass of active fallout. In shots Johnny Boy and
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9 Small Boy, about 38 percent of the gross fallout mass is associated

with active material. Therefore, it follows that at least for these

shots, less than 38 percent of the total soil burden is vaporized

(Norment, 1966). Norment et al. made estimates of the energy

available for heating soil by differencing the thermal energies

radiated by air and surface bursts and found that 1.5 percent of the

soil burden is vaporized per 100 degree excess of the temperature over

the soil boiling point at a time shortly after the second temperature

maximum (Norment, 1966: 28). Tompkins, et al. have inferred from. the

magnitude of specific activity of fallout from ground bursts that only

about a tenth of the soil is vaporized (Tompkins, 1968).

Crystal-Glass Distributions

In examining samples of Small Boy fallout which w-re not sieved,

Pascual noted bimodality in the sample collected at 9200 feet from

ground zero (Pascual, 1967). Besides this ind other qual-tative

remarks made above by various investigators, there are a number of

reports which provide some quantitative information on the partition

* of the particle size distribution between glassy 'particles and

crystalline particles. Two reports which looked specifically into

this are Pascual, 1967,' and Mackin, 1958. Pascual provides the most

"relevent data since it uses Small Boy data'. Unfortunately, only the

larger particle size classes were investigated in the report.

Information on the smallerclasses had to be inferred from knowledge

of the overall particle size ds.'ributlon and other information.
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Table 1 gives the raw data used to determine the fraction of each size

class which is compsed of glassy particles as opposed to crystalline

particles. The two distributions were unfolded by first assuming an

overall lognormal particle size distribution of median .407 microns

diameter and standard deviation of In (4.0). Then using the

information in Table 1, qualitative remarks such as that spheres

dominate In the smaller particle size classes (Nathans, 1970: 367),

and specific activity data, the two distributions were determined

using a non-linear search techniý!e for the parameters of two

lognormal distributions which when s,.nerimposed would yield the

closest fit to the observed combined d :tribution. The resulting

distributions are shown in Figure 12.

Bias in the Data

There was some concern that measurements on the particle size

distribution for shot Small Boy were in error cue to the sieving

technique used. The concern wei that in the process of separating the

fractions using sieves of different mesh sizes that small particles

adhering to the surfaces of the larger particles would be shaken loose

and thus bias the analysis. Also the larger particles in some cases

were fragile and could be broken during size separation. Pascual

looked into this source of potential error and concluded that while

there was measurable loss of activity from the larger size fractions,

the gamma ray spectra were not noticeably altered (Pascual, 1967).

1
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Tabl e 1.

Raw Data for Mass Size Distribution Decomposition

Specific
Particl ' Particle Percent Activity

Size Type in Class CPI/mg

Spheres 35.7 3617

1400P Crystals 64.2 1657

Spheres 38.4 5677

*700-1400; Crystals 61.6 2780

Spheres 46.1 6700

350-700; Crystals 53.9 3240

(Pascual, 1967)
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Miller and Yu accounted for this effect when determining the total

specific activity as a function of particle size (Miller, 1967).

Determination of Diffusion Coefficients

Norman and others spent considerable effort in determining

diffusion constants for various soil types (Horman, 1966-1971). The

soil type of interest here is the, CaO-A1 2 03-SiO2 soil which is

chosen as representative of common soils.

The Arrhenius temperature dependence for diffusion coefficient

may be written as

D O e"E*/RT (114)

where D and E (activation energy kcal/mole) are 'found

empirically. Data collected by Winchell and IJorman indicated a close

correlation between E and Do so that if one is able to make an

independent determination of one, one can compute the other with

logoDo ='-5.79 + 1.23 x 10"4 E* (115)

This relationship is known as the compensation law (Winchell, 1967:

487). As a means of estimating Do, one very successful method is to

use the ionic radius, r, of the diffusing ionic species. This applies

strictly only in the case of monovalent ionic species, but Winchell

and Norman suggest using
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p 1.59 r (116)

where r is the ionic radius for the most probable oxidation state in

the silicate mt high temperature. Table 2 lists the constants as

determined using these procedures for all of the significant diffusing

species. The data on ionic radii are taken from Wieast (Weast, 1974).

Determination of Henry's Law Constants

Norman et al. have made numerous studies in order to determine

Henry's Law constants for those atomic species of interest in fallout

research (Norman, 1966-1971). The values used in this research are

listed in Table 3. In several cases, no data was available. These

few cases were for less important species but for completeness,

estimates of the Arrhenius coefficients were made for these by

comparing them with those species which demonstrated similar

volatility. These cases are indicated in the table.

Theoretical Considerations

While many phenomena remain to be incorporated i nto any

fractionation model, one which should be given attention is the

apparent decrease in mixing efficiency between the hot gases in the'

fireball and the toil as yield increases. A hydrodynamic calculation

would be required to determine the extent of this effect. Fractional

condensation does not appear to be nearly as important in ground

surface bursts as it is i~n air or tower bursts.

111-31



Table 2. Diffusion Coefficients.

Atomic NO. OCi 0C2

27 .2.54 .14800
28 -4.43 2400
29 2.19 14200
30 --3.3 4400
31 .65 11400
32 -1.44 7700
33 -.0237 9900
34 -2.13 6500
35 8.64 25600
36 2.01 13900
37 4.27 18000
38 2.01 13900
39 -.618 9200
40 3.16 15900
41 3.77 17003
42 .94 12500
43 .46 11100
44 -4.93 10
45 -4.68 1900
46 3.23 16000
47 6.56 290
48 4.83 18900
49 3.57 18300
50 2.49 15700
51 2.1 14100

E23.3 15600
53 7.29 22500
54 3.51 16500
55 ' 5.57 20500
56 6.91 22600
57 5.2 19500
58 4.42 18100
59 4.25 17800
60 .712 11500
61 .522 11200
62 .338 10900
63 4.68 18600
64 .005 10300
65 4.47' 18200
66 -.403 9600

See text for reference citations.
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Table 3. Henry's Law Coefficients.

Atomic No. Boiling Point HC1 HC2

27 3173 9.2 3:300
28 3173 (9.2) (33500)
29 2907 (9.7) (33500)
30 3000 11.8 23000
31 2976 9.7 35200
32 1764 12.5 236G0
33 1010 10.4 17800
34 1026 7.0 4230
35 331.8 4.0 S200
36 120.1 4.0 500
37 1656 7.0 18100
38 3497 4.4 26700
39 4695 9.4 50;00
40 4808 6.7 38200
41 3300 8.5 44800
42 1351 7.6 20400
43 583 4.1 7100
44 4505 1.2 2600
45 4149 7.2 18400
46 3436 8.7 24700
47 2451 6.2 14300
48 1831 9.0 19200
49 2123 9.1 30600
50 2247 13.1 32100
51 1832 11.1 29500
52 1534 9.2 11800
53 457.4 3.8 1000
54 165.9 4.1 700
55 1555 6.6 17300
56 3003 4.8 22500
57 4608 7.3 41800
5s 4367 7.0 35400
59 4252 5.7 33800
60 4464 7.6 35700
61 4348 7.3 37400
62 4300 6.7 4140063 4300 (6.7) (41400)
64 4300 (6.7) (41400)
65 4300 (6.7) (41400)
66 4300 (6.7) (41400)

See text for references. Numbers in parentheses are estimated.
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-IV. Resultsand Discussion

/

Calculations were made with the standard DELFIC computer program

and with the G-X Model. In addition to these, computations to

generate more detailed data on mass chains 89 and 95 were made with a

modification of the G-X code. The output data at the time of interest

included number densities for the nuclides of interest as a fmnction

of particle size, specific activities for those nuclides as a function

of particle size, total yield of those nuclides, the activity size

distribution, and the dose size distribution. These raw data were

than taken and Rt, 9 5 values as a function of particle size were

"- determnuned for each method. Log-log plots of Ri, 95 versus R8 9 , 95

values were then prepared and fit with linear least squares to

determine the correlation slopes (Bevington, 1969:99-102).

In the plots of R8 9 , 95 as a function of particle size (Figure

13), it is immediately obvious that the G-X method is superior to the

pure Freiling method up to about 100 microns, but below about 30

microns, the Freiling-Tompkins (standard DELFIC) Model more closely

matches Small Boy data. Also at large particle sizes, the G-X method

is far superior' to both methods. In terms of the logarithmic

correlations which are popular in fractionation analysis, Tables 4 and

5 list the correlation slopes for each of the methods ard compares

them to Small Boy and Johnny Boy data respectively (Freiling, 1968,

crocker, 1965: 78)). In most cases the agreement between the G-X

Method and the data is as good as the other methods. In the case of
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I Table 4. Logarithmic Correlation Slopes - Small Boy

Mass Chain Small Boy G-X FreilIng-Tomp.'

89 1 1 1

S90 .73 .83 -

S91 .51 .64 .40
I! 95 .0 .0 .0

99 .04 -. 07 .0

.31 .84 .58 .17

132 .90 .61 .31

136 .65 1.39 1.49

137 1.19 .91 1.45

i 140 .5Z .34 .73

144 .03 -. 14 .01

1 I.
"I

V
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Table 5. Logarithmic Correlation Slopes - Johnny Boy

•"ass Chain Small Boy G-X Frei11ng-Tomp.

89 1 1 1

90

"91 .54 .576 .422

3 95 10 .0 .0

99 .017 -. 028 .006

131 1.10 .459 .169

S132 1.08 .491 .313

136 .83 .491 1.48

137 1.11 .916 1.45

0140 .61 .304 .736

144 -. 003 - ,052 .022
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chains 131 and 13? there is considerable improvement over Zhe

Freiling-Tompkins model. The log-log plots for both Small Boy and

Johnny Soy are included in Appendices B and C, respectively. Figure

14 shows *the total specific activity for the various methods along

itwth th• measured specific activity data for shot Small Boy (Miller,

1967:33). Only the G-X Model follows the drop in specific activity

for the larger particle sizes. All methods predict an increase in

,, specific activity with decreasing particle size for the smaller

• .particles. This fact has been observed by many investigators, but

accurate specific activity for the smaller particle sizes is not

available, only the tendency in the data. Figure 15 shows the dose

size distributions for the different methods. The comparisons

indicate that the Freiling-Tompkins model underpredicts the down field

dose rate while overpredicting the close in dose rate. As mentioned

P, in the introductory chapter, this fact will have important

consequences for lethality calculations.

Plots of specific activity' for specified chains are also

* included, in Apopendix .O. They show clearly the effect of treating the

crystalline particles separately from the glassy particles. Perhaps

more striking are the plots of the concentration of Sr and Zr

"for each type of particle as a function of particle size, Figures 16

and 17. Since 8 9Sr is a volatile species, its distribution on the

crystalline particles is very similar to the distribution in the

S. glassy particles. For 95Zr, on the other hand, there is a marked

drop In the concentration In the crystalline particles for the larger
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"particle sizes. The effects of diffusion are evident at both ends of

the size spectrum. For small particles, even crystalline particles

permit volume loading. For large particles, diffusion into the

particle interiors is time consuming and these particles cannot load

uniformly with 9 5Zr even for the glassy particles.

Figure 18 shows the total sp.cific activity for each of the

particle types. The crystalline particles show a clear surface

distribution (decrease in specific activity with increasing particle

size), while the glassy particles are surface distributed for small

particles and, very large particles and are volume distributed

(constant specific actihity) in the intermedicte size range. The drop

in specific activity for the large glass particles is probably due to

the slowi uptake of refractory nuclides by the spheres'due to large

particle size.

Figures 19 and 20 show a comparison of the observed slopes to the

calculated slopes for Small Boy and Johnny Boy respectively. The

error magnitudes are plotted as histogram data in Figures 21 and 22.

For shot Small Boy the average error for the G-X method was .245

versus .265 for the F-T method. For shot Johnny Boy the average error

was .276 for the G-X method versus .341 for the F-T method. Thus in

both shots the G-X method gave better resulcs.
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V. Conclusions and Reconmmendations

* Conclusions

Wihile the ap~plication of these models is restricted to ground

surface bursts over silicate soils, they still have a wide range of

* applications. The assumptions male in developing the models are

considered to be satisfactory in view of the many sources of error.

As it is, the assumptions male here are somewhat less restrictive than

those for the previous models, although there is still room for

imsprovement. The success of the S-X Model for the two shots

considered is very encouraging, however. While the S-V model (see

Appendix A) shows promise for faster operational type codes, the G-X

- ~Model, because a"' the overall better performance, is the preferred one

for work requiring more rigor, especially if concentrations of

specific isotopes are required. The G'-X Model certainly has the

advantage of being based on physics rather than being an empirical fit

as is the radial power model.

* ~Recomhmendat.ions

There are a number of areas which need further work in the

fallout area. If one were intent on doing the problem correctly,-all

of the following things would need to be done:

(1) The particle size distri'bution needs to be determined

dynamically from early time in the fireball to include the partition



between solid, 1iquiid, and gas. Emphasis should be placec on

determining the extent and effect of agglomeration.

(2) The degree of mixing of the fis' ion products with the soil

carrier as a function of time and 1lation in the hot toroid should be

determin'-ed.

(31, Henr.'s Law constants a.id ctiffusion coefficients need to be

measured for a variýty of soil types.

(4) ;nterdiffusion coefficients for the diffusion of the fission

"product gases through the air to the surfaces of the soil particles

should be determined.

(5) Surface attachment coefficients for each important compound

need to be measured.

. '(6) An investigation of fall rates for different particle types

needs to be done.

(7) Work on the effect of fractional condensation t;id compound

formation by fission product oxides with the carrier material should

be .investigated.

(8) More information is needed on the themal stability of the

fission product oxides.

(9) And finally, work needs to be done on the influence of water

on the reaction balances.

If, on the other hand, one is more concerned with Improving the

"faster running, so-called "smear" codes, this can be accomplished by

several techniques: One is to simply take the S-V Model of

fractionation and determine decay rates for each of the components

V-2



i'j0
(surface activity and volume activity). Alternatively, one ctuld

follw only those chains which rake the largest contribution to the

surfi~ce and volume components of the activity and distribute that

activity using the S-V Model. Then the result could be normalized so

that the combined total activity agrees with that which would be

computed by the. Way-Wigner formula. Either of these two techniques

would allow for an explicit calculation of fractionation effects in &

code such as the Air Force Institute of Technology model (Bridgman,

, 198:).

Fi nally, the G-X Iodel could be used in a parametric study of

yield and fuel type (and perhaps other parameters) to determine a new

set of activity size distributions for SEER, LASEER, PROFET, and KDFOC

which are all derived from DELFI. calculations. These codes do not do

explicit particle activity calculations but rather rely on Hts oi

DELFIC calculations.
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Appendix A,

The S-V Model

Introduction

Because of the ease and speeJ with which a model developed by the

"Air Force Institute of' Technology (Bridgman, 1982) can be used, and

because the Air Force Institute of Technology (AFIT) model has the

- potential for accounting for fractionation in an explicit manner, the

first model developed as part of this research was one which would

allow direct adaptation for use with the AFIT model. The new model

described here will' be termed the S-V model because it .eparates the

"activity size distribution into surface and volume distributed

components.

Model Description

The S-V model is a modification of Miller's method. The method

is implemented by first computing the time at which the cloud would

reach the soil solidification temperature. The fission product

inventory is then calculated at the time of soil solidification using

rigorous computations with the Bateman equations. After that, the

amount of soil in the active region of the cloud is computed along

with cloud volume. Next, the amount of material which will dissolve

into a bulk liquid soil at that temperature is computed using Henry's

Law (these calculations are discussed in the next sub-section). This
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portion of the fission product inventory is then saved temporarily in

* a large array. Those fission products which remained in the gas phase

are also saved in another array. The Bateman equations are solved

again to compute the decay of the solid phase fission products in the

first array to the time of interest, taken here to be H + 1 hour.

Those decay products, regardless af their volatility, are assumed to

be locked into a solid matrix and are distributed uniformly throughout

the volume of the fallout particles.

Next the second array, representing the gas phase, at soil

solidification, is ailowed to decay to H + 1. These fission products

* are then distributed according to the distribution of surface area for

the fallout particles. The assumption here is that the particles are

now solid and will not absorb any more fission products but may adsorb

them. A further assumption is that no particles leave the cloud until

all fission products have been absorbed. A refinement of the method

*allows the last assumption to be relaxed and is discussed in the

recoummendations.

* Discussion

The model, while it is very simplistic, does account in a direct

*way for the major processes involved in particle formation. Its major

drawbacks are that It does not account for the presence of crystalline

particles nor for the fact that larger particles will leave the active

region of the cloud earlier due to centrifugal or gravitational

forces. But because the model divides the fission product inventory
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into a surface distributed component and a volume distributed

component, it can be used to develop a number of composite activity

size distributions for the AFIT model. More specifically, if S(d) is

the distribution of activity on the surfaces of the particles and V(d)

is the distribution of activity inside of the particles, and if the

particle size distribution N(d) is taken to be lognormal, then the

total activity size distribution takes on a very powerful form because

of the properties of the lognormal distribution. Surface area is

dist•'ibuted as the second moment of the particle size distribution and

volume is distributed as the third moment of the particle size

distribution. Thus the total activity size distribution becomes

A(d)M As Sfd) +Av V(d) (A-1)

or

A(d). As LN( 02 ,O) + AV LN( 3 ,S) (A-2)

d, where

A . the surface distributed activity

Av . the volume distributed activity

LN(aje) . the lognormal distribution with medien and

standard deviation s
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and

an go 0 82

is the median for the n-th moment of the particle size distribution.

Since the two parts of the distribution have their activity computed

separately, this allows for two K-factor constants (these are used to

Convert from activity to dose rate) to be computed at the time of

interest. The effect of this is to allow for differences in the

average energy of emission for the two groups. In addition, the decay

is usually computed with the Way-Wigner formula which is approximately

correct for fission products taken as a whole, but when the debris is

fractionated, this method is no longer applicable. Freiling has shown

that at late time there is considerable difference between the rates

"of decay for the two groups (Freiling, 1964: 7-10). This formulation

allows for separate approximate rates of decay (perhaps curve fits

from a parametric study) to be used for each group.
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'Appendix B

R W, PI ot for Smal I Boy

This appendix Includes fractionation plots for all chains for

"which data is available In the literature (Crocker, 1965: 72-81). The

nuclides used for radiochemical analysis are as follows:

137 CS

89 Sr

132 Te

"106 Ru

131 1

136 Cs'

140 Ba

103 Ru

91 V

"141 Ce

" 144 Ce

99 Mo

95 Zr

90 Sr

Least squares fits to the test data are shown on the plots as the.

solid straight lines. Mass chains 89 and 95 are reference chains,
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0 Appendix C

Rt ,j Plots for Johnny Boy

This appendix includes fractionation plots for all chains for

which data is available in the literature (Crocker, 1965: 72-81). The

"nuclides used for radiochemical analysis are as follows:

137 Cs

"89 Sr

132 Te

131 I

90 Sr

136 Cs

140 Ba

"91 Y

141 Ce

144 Ce

99 Mo

95 Zr

Least squares fits to the test data are shown on the plots as solid

straioht lines. Mass chains 89 and 95 are reference chains.
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Appendix D

Specific Activity Plots for Small Boy

This appendix Includes plots of the specific activity for all

" - chains of general interest. Mass chains which are volume distributed

- will have constant specific activity curves. Ma4ss chains which are

surface distributed will show a marked decrease in specific activity

. as particle size increases. Chains which have mixed behavior will

"* exhibit a combination of these.

D-1

.................- . . .. .. . .. .. . .



CC

X X

La.J

4L

~El W 4

Jz

,ES

z

• 0 T 0

Figure 45. Small Boy Specific Activity for Mass Chain 137

P-2

K'

it-I

| m m • • • • •0



Uj Lai

00

o ~ ~ E --4Z •C

, C :,

00-

SU 00• i-SCJ IZ I I

B..

, r -,

,c°I

"C-
%0

- I.

r.r

i t''. ''Oi'•''• .. F l''' "C

• ~Figure 46. Small Boy Specific Activity for' Mass Chairn 89

*... D-3



L, .J • o e :li
WLLI

aI x 00c

,c ,-

0)0

0 EI40

-i-

i"i I I ~ I i I I"' I I " i~ g| ~I I .. C

•; E- D- 4-I

,-.~~X, WUZIdS3•I

b'÷ •

Figure 47. Snall Boy Specific Activity for Mass Chain 132

D-4



000
3- 00(

-j C
30c i U

ONJ ;~ M( z
06. wu0 cc

tjIJ 1.
cc 4

w V))
060

W El A

C:
0X7

I I I 1111 I 0111111 ICD

0-5I

- . ' . C9 C E -

wu ýýs *i8 s~i '.6n



I

,- z V)

S• 0- C2

* 00
I .. W L" T"

b E t i.

, U•&' • f , g

0

El AIZ

%

iA

INN

D-6

a

o*0* C,
a'IIII L0

w9-

I

A.



* '*---IIL
WL&O

0,.

a a:

%0

wu.i 82 9 =

SFigure 50. Small Boy Specific Activity for Mass Chain 136

-D-7

.I 8
::.-C

1t : ; , . .2 ' . . ' , ., .. ." ' ' ' ' ." ' . . '''' .2 '' ' -., ..."." -; ; ", ' . 2 ' .-. " -,- . ...; .-.,,.. -.,. .", -.,

zi



cc U
to

'i..i

!,,i,, T ~,
1-0 E_, -, O 1,-,S-0

In 9

-a-I8

/ •
wn

• D-8

4n8

;m

I AI



o0
CC LAJ U.J
M z

IZ

IJ.ILLJ

Figure 52. Small Boy Specific Activity for Mass Chain W0

D-9

•. - . ---.• - . -' - . " • - " • " " . " "- -" " " " - " - " • , ". ; " - • - " ' " • .• " ' '• b -' " "' " ' '- - -" '" ' '; L •, -'> : • . •' ' '- : - " • " - " - ' '- . '. -

L.1 ~ 0
~j hJ \



0 a , 
-j -

0-- 2cj
x Z

L .I •r 0 0
G.

.j

C-4

0 0 •IO Oi I OuTl sf
FUig rd SIaopc f

Figure 53. Snail Boy Specfflc Activity for Plass Chain 9!.

/



-j -

Li

qj ~ , Ur3rU

I L,

w a.. mu Ui817

D-II

L1W~ CD~CD

s-4

D-11

-N% ,

AIII I md

I I I =



0
j 0 r

Ul-

-ui /

0L0

"r r

).( IM

Figure 55. Small Boy Specific Activity for Mass Chain 144

D- 12 /

MMI:



C"

C 
0

-. M@i

t, o ,L LL

'I V)
e - -

)( -

/ W~aO a-w9 1lR

O-131

6 ~C i

CD

_-4

010

Figure 56. Small Boy Specific Activity for M~ass C~hain 91

0-13

/

/

/



0 Cr X

W -L& I LJJ
0 IJ -•

O00

61 Cý LL

Z.

' I

LII

-i

,Ii7

O 6 L9 i i i I I -I "-_o 11 L 0 16 9 L 9 , G E_

Figure 57. Small Boy Specific Activity for Mass rhain 95

D-14

d

V M7-



i w x LL

, 0HII; I

OLL

7 0 TIr i rrT:-i

Figure 58. Small Boy Specific Activity for Mlass -Chain 90

D-15



Vi ta

Charles R. Martin was born on 25 September 1950 in Wiesbaden,

Germany, the son of Clyde J. Martin and Lillian R. Martin. Upon

completion of high school at Watauga High School, Boone, North

Carolina, in 1968, he entered North Carolina State University at

Raleigh, North Carolina, where he was enrolled a in cooperative

education program in Nuclear Engineering. His cooperative work was

performed with the Nuclear Division of Duke Power Company, Charlc.,:.e,

North Carolina. In May 1973, he was graduated witth honors as a

Bachelor of Science in Nuclear Engineering. Concurrently, he

completed the Reserve Officer Training Corps program and was awarded

() the designation of Distinguished Graduate. In November 1973, he

completed Missile Combat Crew Operational Readiness Training at

Vandenburg AFB, California, as a Distinguished Graduate. For the next

three years, he served as a Deputy Missile Combat Crew Commander and

Missile'Launch Procedures Instructor at Malmstrom AFB, Montana. In

March 1978, he was graduated with distinction with a Master of Science

in Nuclear Engineering by the Air Force Institute of Technology,

Wright-Patter:on AFB, Ohio. He then served for two years as an

instructor of mathematics at the Air Force Academy. In June 1980, he

was sponsored by the Academy to return to the Air Force Institute of

Technology to pursue the degree of Doctor of Philosophy.

Permanent Address: 8717 Hood Road

Charlotte, North Carolina

r.


